




but, instead, flow thermal features are observed, which makes the technique insensitive to other system thermal 
fluctuations. Protomes of the flow sensor have been demonstrated at NASA MFC on gallium. A detailed review on . . 
the HSPS design and performance is found is reference [13]. 

D. Vaporizer Development and Testing 
A flight-like bismuth vaporized was developed by 

the Jet Propulsion Laboratory and Energy Science 
Laboratories Incorporated. The vaporized design is 
based on the porous plug approach initially developed . . 

for the mercury ion thruster programs of the 1960's1*. In 
the Mercury program, one and two stage vaporizers were Figure 10. A carbon fiber vaporizer plug 
developed to convert room temperature mercury (ESLI)". 
propellant into gaseous form prior to injection into the 
thruster. These vaporizers used the principle of surface  id 8, 
tension forces to control and limit the vaporization of 
propellant atoms as a function of the plug geometry and 
applied temperature. The plug refers to a porous 
geometry that forces liquid propellant to wet to a solid 
surface while at the same time reaching sufficient 
temperatures to overcome the heat of vaporization. 
Proper selection of the pore diameter and length can be 
used to determine the evaporation rate and therefore 
achievable flow rate for a given plug geometry for a 
given temperature, liquid, and upstream pressure. 
Therefore, if the temperature and pressure upstream of 81 vapor 

the plug can be actively controlled, a flow metering 
capability is obtained by the plug. Figure 11. The all-carbon bismuth vaporizer 

An all carbon porous plug and carbon tube assembly configuration (ESLI)". 
was selected for VHlTAL to eliminate any CTE 
mismatches and the need for dissimilar material brazes and weld joints. The carbon plug consists of carbon fibers 
grown inside a graphite tube The plug geometry is cylindrical with radial oriented fibers so that the fluid flows along 
the inner diameter of the plug to a solid plug in the end and out radial as a vapor along the carbon fiber shafts. The 
entire assembly is resistively heated to provide the temperature necessary for vaporization. Two vaporizer types 
were designed and fabricated as part of the Phase 2 activity. The prototype (first generation) vaporizers was 
designed to provide and has already demonstrated 1 mgls of bismuth flow at the maximum allowable plug 
temperature of 1130°C. The second generation vaporizer, currently under fabrication at ESLI, is designed to provide 
up to 12 mg/s at the maximum allowable plug temperature. A 
detailed review of the design, fabrication, and performance of the 
carbon bismuth vaporizer is contained in reference [IZ]. I 
E. TsNllMASH Feed System Development , 3  

A laboratory model feed system is also being developed and 
fabricated by TsNIIMASH. The system consists of an evaporator 
tube inside of a bismuth reservoir and a propellant tube connected 
to the evaporating tube (Figure 12). The tank assembly is heated to 

!\, the bismuth melting temperature by means of a resistive heater 
\~ 

enclosing the tank. Liquid bismuth is forced into the evaporator 
tube due to gravity. After the propellant is converted entirely to 

\. 4 

liquid form, the evaporator is brought to a temperature of 1000°C. 
The liquid in the evaporator tube then evaporates and travels Figure 12. TsNllMASH feed 
through the propellant tune to the thruster. The propellant tube is systeml. The above refers to bismuth 
also maintained at a temperature of lO0OoC to prevent bismuth reservoir, (2) (3) 
condensation. The flow rate and vapor pressure of bismuth is tube, and (4) heater electrical connection. 
controlled by adjusting the evaporator temperature. As stated 
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previously, this system does not allow real time measurement of flow. Instead, the mass of the reservoir is measured 
before and after operation to determine the amount of propellant used for a given period of time. This provides a 
measurement of the average propellant flow rate. 

V. Lifetime Assessment 
In order to develop and advance the technology readiness level of a two-stage Bi-fed Hall thmster for eventual 

flight application, there is a need for a quantitative understanding of the plasma physics that govern the performance, 
erosion, and ultimately lifetime of the propulsion technology. Such an understanding can lead to precise 
optimization of thruster geometry and operating conditions for life and performance considerations as well as 
accurate predictions of component wear and potential for spacecraft contamination. As such, the VHITAL life 
assessment program, under the direction of Stanford University, is a critical part of the technology effort to ensure 
future use of the technology on NASA exploration missions. The life assessment approach uses a combination of 
spectroscopic diagnostics techniques to resolve particle fluxes and energy distributions, sophisticated and traditional 
physical measurements of thruster erosion rates and sites, and physics based computer plasma models to predict 
erosion and performance. The experimental and computational efforts are intrinsically linked as the model 
development and validation are be contingent upon a characterization of the internal and near-field neutral bismuth 
(BiI) and bismuth ion (BiII) energy distribution, velocity field, and particle flux. Similarly the predictive 
performance and lifetime models require physical component level erosion measurements and experimentally 
obtained performance data for validation and hture design optimization. 

A. Spectroscopie Lifetime Diagnostics Development 

I .  Bismuth Spectroscopy for Lvetime Diagnostic Implemeniation 
Laser-induced fluorescence (LIF) was selected to measure the three-dimensional velocity (energy) distribution of 

neutral and ionized bismuth atoms in the VHITAL160 plume. To initiate the LIF activity, an analysis of the bismuth 
spectrum was performed by Stanford University to determine appropriate transition line selection for spectroscopic 
absorption measurement techniques. The study determined that several electronic transitions of neutral and ionized 
bismuth are accessible with laboratory-laser systems. The transition selected for ground state BiI number density 
determination by atomic resonance absorption spectroscopy was the line at vacuum wavelength 306.86nm (6p3 
43312 - 7s 4P112). Unfortunately, there are no BiI lines within the ranges that can be probed using the Velocity laser 
systems above. In addition, as neutral Bi particles are not expected to be accelerated to the same high velocities as 
the ions and the hyperfine splitting of BiI is relatively narrow when compared with that of the ion lines, the BiI line 
at 784nm and 854nm may still be accessible to the less expensive Vortex class lasers fiom New Focus. 

For bismuth ions, the 680.86nm line was chosen due to its measured existence and the capacity of a TLB-6309 
LASER to detect its presence. In addition a transition with the ground state as the lower state is located at 143.68nm 
(6p2 3P0 - 7s 3P1), which poses some difficulty as it is in the far vacuum-ultra-violet range, but may also beused for 
bismuth ion LIF measurement. It was also found that line selection for bismuth ions must be modeled in terms of 
hyperfine splitting and broadening mechanisms. Therefore basic Doppler broadened (Gaussian) profiles will need to 
be modified to account for the more irregular velocity. 

2. Bismuth Plasma Source Development 
Recent work at Stanford has focused on the development of a means to measure the selected transitions in the 

bismuth spectmm prior to testing with a bismuth-fed thruster. A bismuth heat pipe apparatus has been developed 
allowing measurements of the Bi spectrum. The heat pipe has been used to successfully record both absorption and 
emission fiom the 307nm resonance transition of neutral bismuth. It is noteworthy that the corresponding bismuth 
partial pressure estimated from this scan is close to the equilibrium pressure for bismuth at a temperature of 800°C 
(discussed below), within experimental uncertainty of the cell operating temperature of 850°C. As the chamber is 
cooled, the absorption disappears because the vapor pressure of the bismuth is decreasing; this verifies that the line 
observed is indeed bismuth. 

In addition a laboratory stationary plasma thmster (SPT) is being modified to run on bismuth propellant to 
generated a high velocity bismuth plasma, for future analysis of bismuth ion line selecti~n'~. This SPT will also be 
used to acceptance test the flight-like bismuth feed system and will be discussed in section VI. 
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Cavity Ring Down Spectroscopy Diagnostic Development 
A cavity ring down spectroscopy diagnostic 

(CRDS) is being developed by Colorado State 
University (CSU) as a diagnostic tool to study 
sputter erosion of the VHITAL thruster16. As the 
lifetime of the VWITAL t h s t e r  is largely 
governed by low sputter erosion rates of the 
guard-rings, on the order of microns per thousand 
hours of operation, the high sensitivity CRDS Set Pa~nt (a u.) 
technique is well suited to measure sputtered 
products in the plume in dhort duration testing. 
The other advantage of CRDS is that is it s real 
time measurement therefore it can be used to 
measure erosion rates as a function of thruster 
operating conditions. 

CRDS is a highIy sensitive laser-based 
absorption technique that is directly quantifiable 
and thus well suited for measurements of low Figure 13. Approach to CRDS measurements in plume 

of 'puttered P ~ ~ ~ ~ ~ ~ ~ ~ ~ ' ~ ~  of YHITAL, thruster. A CRDS will surround the 
diagnostic time measurement plume (actually with horizontal orientation), and measure 

of thruster erosion as it uses the sputtered atoms Mo within the plume, 
(from second stage guard ring for example) as the 
absorbing sample (Figure 13). The sputtered atoms in the thruster plume enter a high-finesse optical cavity formed 
from high-reflectivity mirrors situated downstream and bounding the thruster exit plane. An interrogating laser 
beam is coupled into the optical cavity where it "bounces" many times back-and-forth between the mirrors. A 
detector placed behind the cavity measures the temporal decay rate of optical intensity within the cavity with and 
without the absorber or LASER. The difference in the temporal decay rates is related to the sputtered particle 
concentration and therefore sputtered particle flux. The technique has been used widely for the measurements of 
trace species in flames, plasmas, and the atmosphere, and CSU has recently pioneered it for use in sputter 
measurements for electric propulsion applications 16-81. 

As part of the VHITAL program phase 2, CSU has demonstrated the use of CRDS for the detection of sputtered 
molybdenum from a bench-top laboratory setup. Sputtered molybdenum number density and velocity 
measurements, including the dependence on beam current, have been obtained and compared to a numerical sputter 
model. Design of a test apparatus for future implementation of the CRDS system on the operation of the 
VHITAL160 thruster in the JPL Condensable 
Liauid Metal Vacuum Test facility have also been 
completed as part of the phase 2 program. There loo 
are several challenges associated implementing the $5 
diagnostic technique due to the relatively long axis 

90 
of the JPL test chamber as the potential for cavity 
misalignment and reduction of effective cavity 85 
finesse (and CRDS sensitivity) due to mirror 80 
contamination from condensed bismuth or sputter 2 4 IS products require a careful optical design solution. - 

f 70 
[t: 

65 
B. Computational Life and Contamination 
Assessment 60 

A computational model of a two-stage thruster o I 2 3 4 5 
with anode layer is being developed by the Axial distance (mm) 
University o ~ i c h i ~ a n ' ~ .  The model is based on a 

2D hydrodynamic approach where the first Figure 14. Electron density distribution in the acceleration 
(ionization) and second stages are channel. The wall has the cathode potential. Electrons are 
lnodeled separately' The of the first stage depleted from the sheath due to hrgc potential drop. 
provides the boundary conditions for second stage. 
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Quasi-neutrality is assumed and therefore the plasma presheath-sheath interface is considered as the lateral boundary 
for the plasma flow region. Current-voltage characteristic of the discharge in the 1st stage is calculated and is found 
to be in agreement with experiment, suggesting the physics of the discharge are accurately capture by the model. In 
the acceleration channel the plasma-wall interactions are studied in detail to enable calculation of guard ring erosion 
by the energetic ions. An expansion of the high voltage sheath near the acceleration channel wall is studied. It is 
predicted that under the typical conditions the sheath expands significantly and the quasi-neutral plasma region is 
confined in the middIe of the channel (Figure 14). Comparison of Dl 60 erosion profile measurements to preliminary 
model predictions yield reasonable predictions. Details on the model development and comparison to experimental 
data are contained in references [ I  91 and 1201. 

A 2D-3D PIC-DSMC hybrid model of the thruster plume is also being developed by the University of Michigan. 
The model tracks plasma flow and plume expansion from the thruster exit plane as well as backflow of condensable 
species onto spacecraft surfaces. Charge exchange and momentum exchange collisions are included in the 
simulation. The computational domain begins at the exit plane of the thruster using output from the second stage 
model as boundary conditions to the simulation. The simulation extends for several meters downstream of the 
thruster. A comparison of predicted current densities to radial profiles measured by TsNIIMASH in te 1950's is 
being used to validate the code. Details on the model development and validation are discussed is greater detail in 
reference [19]. 

VI. Conclusion 
The 2-Stage Russian bismuth TAL technology has been successfully resurrected with the pre-existing Dl60 

thruster demonstrating nominal operation at up to 3 kV and 4A accelerating current on bismuth at TsNIIMASH. The 
VHITAL16O thruster fabrication is well underway as is scheduled for acceptance testing in early 2006 at 
TsNIIMASH. A flight-like liquid metal feed system and bismuth vaporizer have been fabricated and demonstrated 
at the require operating levels to support 25-36 kW thruster operation. The challenges associated with high 
temperature and high voltage operation with a condensable propellant have been successfully met. The future of the 
technoIogy is now dependent on understanding the physics of design parameters that impact 2-Stage TAL life and 
performance limitations to advance the technology for eventual flight application. This will be addressed by the 
experimental and computational life assessment portion of the VHITAL program. 
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